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INTRODUCTION

The design of large liguid propellant rockets and booster systems
involves consideration of various tank configurations and the forces and
moments resulting from sloshing of the contained liquids, In view
of the customary high fineness ratio of such vebicles, most emphasis
has been placed on cylindrical tanks (1, 2)*; however, in many instances
where high strength-~weight ratios are of great importance, in combi-
nation with etllc*r factors, spherical tanks have been employed., Knowl-
edge of sloshing behavior in spherical .mnks is considerably more

limited than for cylindrical tanks, partially because of the increased

~complexity of theoretical analysis.

Virtually the only theoretical analysis available for spherical
tank slosh.‘mg is that of Bndiansky (3) and, although somewhat sophisti-
cated integral equation techniques were employed, the analysis is
strictly valid only for the cases of the nearly empty, one-half full,
and nearly full tank The lowest three ‘m;' four natural fresaencies
of the liquid free surface motion, over the entire range of Hquid
depths, have been determined exp&;imentally by McCarty and Stephens
(4),' confirming the theoretical values predicted by Budiansky (3) for

the nearly empty and one-half full conditions.

Numbers in parenthesis refer to the Referencer given at the end
of the paper.
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The purpose of the present paper is to present experimental data
on the forced vibration characteristics of partially filled unbaffled and
baffled spherical tanks. For the unbaffled tank, comparisons are made
with prev. .usly measured natural frequencies (4) and with the predictions
of the Budiansky analysis (3). Yor the baffled tanks, comparisons are
m‘ade with the force response predicted from an equivalent mechanical

rdel. *

This analogy was developed by one of the authors, W. H. Chu, and
is presented in the Appendix to this paper.
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EXPERIMENTAL RESULTS

Experimental Facilities and Procedurces.

The SwRI slosh test lacility, previously described in (5), was

modified to accomnodate a spherical tank approximately 15 inches in

diameter (internal dvametcr of 14, % inches), The tank was fabricated

in two halves from 1040 steel sheet by spinning and was assembled by
means of an equatorial flange; the tank was intended to be rigid. Instru-
mentation consisted of a dynamometer gystem for measurement of total
force and moment response (5) and a small array of pressure cells.
"l‘he excitation v‘vas‘translational in the horizontal direction,

- For the studies of the effects of béfﬂing, six perforated ring
baffles ot 23% open area were employed. The baffles were {fabricated
from 0. 016 in. thick perforated brass sheet having 0, 020 in. diameter

holes and were mounted in the tank so as to form great circles at 30°

"to each other. The baffle width was 2. 06 in. (baffle width to radius

ratio of 28. 5%). Tests were coaducted with the baffles in two different
orientations; the horizontal orientation is shown in Figure 1%, The

vertical orientation was formed simply by rotating the sphere 90°, so

as to form lines of longitude. In both orientations, the same cross-sec-

tion of the sphere (containing one of the baffles) is normal to the trans-
lational excitation axis; hence, in Figure 1 the axis of translation is

normal to the page.

Certain of the pressure cells may also be seen in this {igure,
Yy L]
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Total Force Response - Unbafiled Tank,

As a matter of symple comparison, previous data (3,4) for first
mode natural liquid frequency variation with depth is shown, together
with present SwRI data, in Figure 2. The natural Ireqt‘mncy Wy is
given in terrns of the non~dimensicnal parameter u)%d/a, where a
represents a vertical acceleraticun field,

Tcrel force response, in terms 2f dimensionless a.mpli.tudc and
phase an ‘e, is shown as a function of the frequency parameter at
various;, liguid depths in Figures 3-6. The vertical line in each i)lot
represents the fundamental liquid resonant frequency.

The effect of different excitation amplitudes X, is shown in Fig-
ures 4, 5, and 6. Lower valuess of excitation arnplitude generally appear
to produce somewhat greater response for frequencies iess than the fun-
damental, and lower response for frequencies greater than the fundamental,
Figure 6, corresponding to a nearly {ull tank, shows a prominent peak in
response only for the lower excitatina amplitude, the higher excitation
amplitude apparently introducing sufficiently large amplitudes of free
surface motions that the damping becomes quite high.

Figures 3, 4, and 5 also contain theoretical force response curves

as obtained from Budiansky's 'ana,lysis (3) . The in-phase portions of these

Since the theory is strictly valid only for h/d= 0 and 0. 50, the
values for h/d = 0.25 and 0.75 were obtained by estimating values
from the interpolated curves given in (3), with consequent
inaccuracies.




curves generally show good agreement netween theory and experiment,
the out-of-phase portions show somewhat poorer agreement, with the
experimental data corresponding to lower excitation amplitudes being
much closer to the theoretical curves than that corresponding to the
higher excitation amplitude. The effects of large excitation amplitudes
are therefore again emphasized.

As a further comparison between the Budiansky thecry (3) and
the experimental response data, experimentally determined pressure
distributién data for h/d = 0,50 and Xp/d = 0, 00828 (high excitation
amplitude) was integrated to give total force, as shown in Figure 4.
The agreement with the Budiansky theory is good; this, however, is
probably only a fortuitous circumstance because the pressure data is

not sufficiently detailed to permit accurate integration (see below).

Pressure Distribution - Unbaffled Tank.

Figure 7 shows experimental wall preseure distribut on data,
similar to that presented previously for cylindricél tanks (6).. The
wall vpressures are given in non-dimensional forin as a function of
pressure cell location 2/d (measured vertically from the tank bettom),
with excitation frequency as a paramster, The pressﬁres are, of
course, those normal to the tonk wall, A few measured values were

also obtained aleng lines of latitude at x/d =~ 0,5, 0,375, and 0.25. As

is evident from Figure 7, there are not sufficient measured values to
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insare accurate pressure distobaion cnrves, particalarly as requred
tor integration to abtain 10tul force response {see above); the data given
13 therefore useful primanly to indicate tvonds and mmapmitudes The
magnitudes of the pressures are, inciderntally, considerably higher

than ior an equivalent cylindrica’ tani (G,

Toutal Force Peagponse ~ Baffied Tank.

Total force response data for the spheiscal tank wath eithey hori -

6

zontal or vertical perforated ring baffies (Figure 1) arve shown i Figures

8 and 9. Both baflle orientations provide iarvge force armplitude damping,
I A : g

with the horizontal arrangemeat beinyg considerably more eifective in
thig respect than the vertical arrangement. This is expected from the
orientation of the rings with respect to the liquid free surface,

For vather full unbaffled toanks (h/d » . 75}, as may be inferred
from Figure 6, the peak force response is sufficiently small so as to
be more like thar of a well-baffled tank., In fact, for hi/d = 0, 875 and
Xy/d = 0. 00828, the force response for the unbaffled tank and {or the
tank with either horizontal or vertical baffles are virtually the same,
Hance, one could conclude that baffling is required in spherical tanks
only for h/d € 3/4, at the excitation amplitudes considered. For very
shallow liquid depths, say h/d = , 25, the horizontal baffie orientation
pravides almost complets suppression of the force response. As may

b2z noted particularly from both Figures 8 and 9, the presence of batfles

also bas a sigmificant offect in lowering the fundamental liguid resosant
£ cab *
frequingy.
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In order te place these data on baffle cffectivearss on a somaewhan
more quantitative basis an attermpt was made to obtain values of damg g
factor g. 'The half-bandwidth procedure applied to the experimental {urce
response peaks, as employed in previous work (5), could give g values
in only a few instances, hovwever, because of the rather large damping
provided by both of these baffle configarations., As noted above, for
ilarge depths (such as h/d = 0, 875) the unbafiled tank response is so
highly damped in itself that baffling has no ;.%.ddi‘tional effect; ior shallow
dépthss {such as h/d = 0, 25) the damping provided by either baffle con-
figuration is also so large astc suppress completely the liquid free
surface motion. Ewven for the half-full. case of h/d = 0. 50, the horizontal
baffle configuration is s¢ effective as to virtually eliminate the response i
peak (Fig. 8); at h/d = 0.78 (X,/d = 0, 00828) the horizontal baffle yields'

a damping factor of g = 0,65, which is a quite large value (Fig. 9).

The yfirt’.icai baffle configuration yields a damping factor g = 0. 31 for
depths of h/d = 0.50 and 0, 75, {or an excitation amplitude of X /d =

0.00828 (Figs. 8 and 9}, It is e‘mp}mﬁized that these g values are given |
here primarily for demonstrating the erders of magnitude involved and {

for coroparison with samilar data for cylindrical tanks (5).

Equivalent Mechanical Maodel

In order 1o be able to incorporate liguid force response duta into

vebicle dynamic analy ce3, recourse is often made to representation by
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an equivalent mechanical model. DBy incorporating viscous dashpots
into the mechanical elements of the model, it is therefore possible to
employ such models for representation of baflled tanks”,

Using the g values given in the preceding section, force response
curves have been calculated from the mechanical model for the spherical
tark with vertical baffles with h/d = (.50 and 0. 75; as shown in Figures
8 and 9. In both cases, the predicted values of the peak response are
considerably below the measured values, while the value of the frequency
parameter at which the peak occurs is considerably higher for the cal-
culated data than for the measured data. Recognizing that the g vaiues
obtained from the experimental data are probably not too accur. e, the
case of vertical baiiies at h/d = 0,50 was also calculated {or a smaller
value of damping (g = 0.25), rather than the value of g = C. 31 originally
obtzined, with consequent better agreement in peak value with the
measured data (see Fig. 8).

As has been noted in the earlier discussion of this paper, slosking
in spherical tanks appears to invelve much larger free surface ampiitudes
than is customarily observed in cylindrical tanks, even at very low exci-
tation amplitudes, so that an essentially larger degree of nonlinea,ritj}
is present. This is pé.rticularly' evidenced by the differences between

the measuredforce response and that predicted by theory, and the very

- Lo . W m—

See (7) for a discussion of mechanical meodels for cylindrical
tanks. The derivation of the mechkanical model for the present
case of a sphervical tank is given in the Appendix to this paper.




large damping and reduction in liguid natural frequencies produced by
both bafflc arrangements. Thus, while the response curves calculated

from the eguivalent mechanical model representation, based en damping

values obtained from the measured data, are aot 1n particularly good
agreement with the measured iorce response, the disagreement is

probably no more than should be expected from a linearized represen-

tatior.

. -
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DISCUSSION AND CONCLUSIONS

The results of this study would appear to reveal several important
features of sloshing in spherical tanks. For example, while the basic
predictions of the Budiansky theory (3) have been confirmed, particu-
larly for liquid natural frequency, the force response is quite dependent
on the magnitude of the excitation amplitude, Hence, large amplitude
liquid free surface motions are more easily excited and appear to be of
more impurténce in‘ modifying the total force response in spherical
tanks than in cylindrical tanks,

Perforated ring baffles oriented horizontally appear to be quite
effective in providing force amplitude damping, with significant lower-
ing of the fundamental resonant frequency. No baffling is apparently
required for large liquid depths, say h/d>» 3/4. A linear mechanical
model representation for baffled tanks would appear to be satisfactory

ounly for order of magnitude estimates.
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APPENDIX - EQUIVALENT MECHANICAL MODEL FOR
SLOSHING IN A SPHERICAL TANK
Consider a pendulum oscillating about the y-axis through the
centroid of a spherical tank, as shown in Figure A-1, Equilibrium

of forces yields

W =, sind, = T, O (on tank wall) (A-1)
Z. Fra = Ma@ 2056, =Tn = (», e Sin8p) = 03 (A-2)

Z F.n - - 0 ‘S:nen "(Moi?)wsen -m,,ln;,, = 0 (A'3)

where [, is the tension in the "' pendulum, m, is the maés of the
w' pendulum, anda is the effective gravitational acceleration. Then
with

T, @ maa

\M,,L,e +mad, £ -m "T

3 v vy Xer w (2 Xe/4) D Xr

WO = Y, Q'\ w ( h):"wzx 191\/@‘) &

Q\ = Q'/Q.\

- ie, 3

we have

F - E M.a.\«')‘('l"'r/dl‘) . \x
V\Z-D e g.' (.Q‘”Q xlln/i) + Mo T

= MO“Q“T ZM“NKT & Z- Qw\nX'\” ’ (A-1)

nmy -w-u 9\)
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With Yy = - 1, Y7 » a similar expression for ?7 can be obtained.

From Budiansky's analysis (3), the sloshing force on the tank

can be derived from Lagrange's equation,

¥ =«M‘_U‘(’LZ|’B.,A“ (A-5)
where
3 3
= -IE /J 2d 3
NS O SE-I-F MEE &
. by
Po = i}} g v dS m'ﬁb‘ﬂh%(z;;r‘ép
‘ B
be ’
‘ » 9
X, = S 4;&3" =7b cp:(f,)nxdl
i T
°
e 6\‘ . '
o
:;; -}
1
- mwndl
1, e
we have
o0
(\\L = A, + Z\M,\ = f‘_\/\_
e,
M" - Y :\a/'('\
80 that
© va /o
F‘ - M‘.“;x"r % kw‘x-,-z "'"‘P : N
f v 2ﬂh(‘_':_;§ .,\) (A"6)
It followe that
-
R
- o~ iy, - - L.“‘
* =

as required,




Since the angle 8, may be either mn-phase or mut-oft-phase with
Xy A collection of conical pendulums hinged at the centroid of tne
sphere may collide during motion. Therefore, the set of pendulums
will be hinged along the y-axis, as shown in Figure A-2, The twisting
moment about the centroid of the sphere will be zero if each pendulum
is now divided into two pendulums of egual mass but at equal and
opposite distances S“ from the crenter (these distances are safficiently
large so that the pendulums will not collide with one another or the
tank; %—'l - .;.i- < -(';- ¢\). An identical set of pendulums is hinged

Q, - a,
along tr 2 x-axis,

To account fcr the presence of damping, the hinge point of each
pendulum is replaced by an idealized viscous joint iwhich produces a
restoring moment/\n.&\ wihile transmitting a xﬁoment Y én . This
damping moment produces a shear force in the pendulum arm and at

the point mass m, , opposing the motion and having the magnitude

V, ’./A"e" . Hence,
A
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Z F’ = -VV\,,Q“ a\. -, O S;m 9“ - (Mn'x'.‘.')gpf o, = %2: = 0 (A-7) ‘
"

Now, let

an = Mng:“}n
/! (K

Y
e“ = Q‘Y - tT /I“
Y » .
(wn“m +‘V‘)M)O\}n’)on (f:{“)*l}“&
The horizontal force is then w
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m, D Xt

~
Fx = Mo t'S‘x'\' + Z

D D (A-8)
"ot (-3"‘; -\ M],‘ ..b&)

and the moments on the tank provided by the viscous joints are

< , ®
My = - " ue“ = -Z fa xv/l.
’ hZ’;q}AT: ne) 1"'“““ “m(:"’;"i)‘\‘iaaﬁ
M’ []
Ma '*:Y-\'

If each viscous joint is eliminated by adding a pair of dashpots
which produce a pure morment on the tank equal and opposite to the
damping moment on the pendulum, then -1" =y . The values of (3"
are, of course, to be determined in advance by other calculations,
model tests, etc., while n is to be‘ seiected ‘so as tu provide the
correct moment. If the viscous moment on the tank is negligible,

then V‘“ 20 .

]



HORIZONTAL BAFFLE ARRANGEMENT
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FIGURE A-1 ANALYSIS OF A SUSPENDED PENDULUM
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FIGURE A-2 EQUIVALENT MECHANICAL SYSTEM




